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Plasma conisol levels are elevated in salrnonid fish subjected to all forms of
environmental stress.
In the short-term, this is an adaptive response but under chronic conditions, elevated
cortisol levels may be maladaptive.
Chronic cortisol elevation is directly responsible for many of the damaging effects on
survival (disease resistance), growth and reproduction.
Rainbow trout appear to be less sensitive than either brown trout or Atlantic salmon
to environmental stress. However, this may reflect stain differences rather than
genuine species differences.
A series of guidelines for fish farmers has been developed to minimize stress-induced
damage under aquaculture conditions.
Current work is directed towards selecting strains of rainbow trout with a reduced
cortisol response to common aquacultural stresses.
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I INTRODUCTION
The term 'environmental stress' is frequently used to describe those conditions detrimental
to the state of well-being of an animal, although it is a difficult concept to defme in precise
terms (Pickering,1981). In the past, considerable attention has been given to conditions which
are directly lethal to fish and, consequently, the factors leading to sudden fish kills are usually
well-understood. However, most environmental disturbances are not directly lethal, yet can
still damage fish populations by increasing their susceptibility to disease, by reducing fish
growth and by interfering with reproducdve processes. Such disturbances, or stresses, may
take the form of sudden temperature or pH changes, water quality deterioration, sublethal
pollution or suesses associated with intensive fish husbandry. Indeed, it has been suggested
that most outbreaks of infectious diseases in the expanding aquaculture industry are related
to poor husbandry techniques. An understanding of the basic physiological and
endocrinological processes occurring in fish subjected to such types of stress is, therefore
essential if we are to avoid or minimize the worst consequences of stress on the fish's
performance capacity (survival, growth and reproductive success).
This report summarizes the results of a research programme, part-funded by the Ministry of
Agriculture, Fisheries and Food (Project NBB 13) from I April 1985 to 31 March 1990,
designed to provide such an understanding of the response of salmonid fish to various forms
of environmental fish.
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H INITIAL OBJECTIVES OF THE RESEARCH
I. The developmentof techniquescapableof measuringphysiologicalstress responses
withoutthe inherentproblemsof changesrelatedto the processesof experimentation
themselves.
Elucidationof thelinksbetweentheimmediatephysiological/endocrinologicalchanges
occurring in stressed fish and their ultimate expression in terms of survival, growth and
reproduction.
To investigatethe possibilityof using changesin the physiologyor endocrinologyof
the fish as a predictiveindicatorof longer-termsurvivalprobabilities(ie.as an 'early warning
system').
To develop methods for controlling the stress response or for minimizing the
subsequentdamageto the fish.
III BACKGROUND
Studieson thebrowntrout,Salmo trutta prior to 1985hadestablishedseveralimportantfacts.
It is possible, by means of careful experimentaldesign and with sufficient tank to tank
replication,to measuresome of the more sensitiveand rapid changesthat occur in stressed
fish withoutthe resultsbeing obscuredby changescausedby disturbanceof the fish during
the samplingprocedures- Objective1 (Pickeringet al., 1982). However,work of this type
can only be successfullyundertakenat an organisationsuch as the FBA (now the IFE) with
extensivefish-rearingand experimentalfacilities. An invariableresponseof stressedfish to
all formsof environmentalstressis an activationof the hypothalamic-pituitary-interrenalxis
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witha resultantelevationin thebloodplasmaof thesteroidhormone,cortisol(Pickering&
Pottinger,1984,1985b;PickeringandStewart,1984). Thisaspectof thestressresponse,in
associationwithotherhormonalchanges,is believedto be of adaptivesignificancein the
short-termby mobilizingenergyreservesnotnormallyavailableto thefish as it attemptsto
avoid and overcomethe immediatethreat. However,duringchronicstress or under
aquacultureconditions,wherethereis noescape,elevatedcortisollevelsmaybemaladaptive.
Thus,administrationof cortisoltootherwiseunstressedfishcausesa decreasein whiteblood
cell counts(Pickering,1984)andan increasein susceptibilityto commonformsof disease
(Pickering& Duston,1983; Pickering& Pottinger,1985b). This link betweenelevated
cortisolevelsanddisease(Objective2) mayexplainwhy,inchronically-stressedfish,plasma
cortisollevelsmayultimatelybe reducedto basalvalues(acclimation)despitethecontinued
presenceof the stress(Pickering& Pottinger,1985a; Pickering& Stewart,1984). Theuse
of elevatedplasmacortisolevelsasanindicatorof stress(Objective3) isfurthercomplicated




increasein the susceptibilityof post-spawningfish to disease(Richards& Pickering,1978;
Pickeringand Christie,1980; Pickering& Willoughby,1982 a,b). This increased
susceptibilityto diseaseis exacerbatedby androgen-inducedchangesin theskin(Pickering,
1977; Pottinger& Pickering,1985a,b). Environmentalstresscanalso activateotheraspects
of thepituitarygland,includingtheparsintermedia(Sumpteret al., 1985; Pickeringet al.
1986).
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The research programme was part-funded by MAFF from April 1985 and, against the above
background of information on the stress response of brown trout, greater emphasis was then
given to studies of the rainbow trout, Oncorbinchusmvkiss (Walbaurn), (formerly Salrno 
gairdneriRichardson) because this species forms the basis of the expanding aquaculture in
England. However, for comparative purposes, some work on the brown trout was maintained.
The rest of this report summarizes the work from 1985-1990 and is organized on the basis of
subject matter, rather than as a chronological record. During this period, a total of 21 papers
from the project have been published, or have been accepted for publication, and these are
included as Appendix 1 at the end of the report.
IV ENDOCRINOLOGY OF THE RESPONSE OF SALMONID FISH TO STRESS
In qualitative terms, rainbow trout respond to various forms of environmental stress in a
similar manner to brown trout. Thus, the hypothalamic-pituitary-interrenal axis is activated
but the magnitude of the stress-induced cortisol elevation is, in general, lower than that of the
brown trout (Pickering & Pottinger, 1989). However, this apparent species difference might
well be the result of strain to strain differences in sensitivity to stress bennse, from a survey
of 5 different strains of rainbow trout, we found one strain (Caribou) which consistently
responded to a standard form of confmement stress with a higher cortisol response than the
other 4 strains and, in this respect at least, was similar to the brown trout (Pickering &
Pottinger, 1989). Clearly, further work on different strains of both domesticated and wild
rainbow tout is needed if we are to resolve this problem. Regarding wild strains of fish,
during the course of this work we had the opportunity to sample 2 natural populations of
Salmotronaand found that, contrary to speculative suggestions by other workers in this field,
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wild brown trout had extremely low plasma cortisol levels (< 2 ng mr) for much of the year.
This agrees with our studies on hatchery-reared fish. Preliminary evidence, however, suggests
that sea trout in Dale Pa& Beck (SD 353 927) may have significantly higher and more
variable plasma cortisol levels than resident trout in Stainton Beck (SD 528 865) (Pickering
& Pottinger, unpublished). Sexual maturation in wild fish, as in hatchery-reared fish, appears
to be associated with elevated plasma cortisol levels.
For a steroid hormone, such as conisol, to have a physiological effect it must first combine
with specific hormone receptors in the cells of the target tissues. In rainbow trout, continuous
(chronic) confmement causes the expected elevation of plasma cortisol levels but the cortisol
binding capacity of one of the principal target organs, the liver, is significantly reduced within
48 h of confmement (Pottinger, 1990). Moreover, implantation of physiological doses of
cortisol into otherwise unstressed fish also caused a reduction in hepatic cortisol binding
capacity. In view of the potentially damaging effects of cortisol on the defence systems,
growth processes and reproductive physiology (seebelow), this 'down-regulation' of target
tissue sensitivity might represent an acclimatory response prior to the ultimate reduction of
plasma cortisol levels in chronically-stressed fish (Pickering & Pottinger, 1989). Clearly, this
is an important area for further study because change in target tissue sensitivity is yet another
form of control which must influence the physiological consequences of hormonal changes
during the stress response of fish.
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V STRESS AND DISEASE RESISTANCE
We have shown that chronic elevation of plasma cortisol in response to most forms of
environmental stress is sufficient to cause a significant increase in the susceptibility of
salmonid fish to disease. Thus there is a direct, and highly significant, correlation between
mean plasma cortisol levels in hormonally-implanted brown trout and the mortality rate, due
to disease, within the experimental population (Pickering, 1989a). Indeed, brown trout are so
sensitive that chronic elevation of plasma cortisol from a basal value of < 2 ng niti to only
10 ng m1-1 is sufficient to cause a significant increase in susceptibility to Saprolegnia
infection, furunculosis and fin-rot (Pickering, 1989b). Rainbow trout also respond to plasma
cortisol elevation with an increase in susceptibility to disease but evidence by Pickering et al.,
(1989) indicates that this species is less sensitive than the brown trout to physiological doses
of cortisol. Nevertheless, a chronic stress such as social domination of one fish by another,
under conditions of prolonged confinement, is capable of elevating plasma cortisol, reducing
the number of circulating lymphocytes and increasing the susceptibility of rainbow trout to
Flexibacter infection (Pickering & Pottinger, in preparation). Thus, the species difference
again seems to be quantitative rather than qualitative. This comparative approach was
extended to Atlantic salmon, Salmo salar, and we were able to show that during the fish's
fust winter in freshwater, the increased mortality rate was also associated with elevated
plasma cortisol levels and reduced white blood cell counts (Pickering & Pottinger, 1988). It
seems likely, therefore, that the results of our studies can be applied, in principle, to all
salmonid species.
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The most important conclusion from this aspect of our work is that chronic plasma conisol
elevation, as a result of environmental stress, is a major factor in predisposing fish to common
bacterial and fungal infections and to parasitic infestations. Moreover, this has been
demonstrated at cortisol levels well within the physiological range for the species and at
levels which have frequently been reported in the literature as being typical of 'unstressed'
fish. It is clear, therefore, that the defence systems of salmonid fish are much more sensitive
to chronically-elevated plasma cortisol levels than was hitherto realised. The quantitative
relationship between plasma cortisol and mortality due to disease also suggests that from a
knowledge of the state of activity of the hypothalarnic-pituitaiy-interrenal axis and target
tissue sensitivity to cortisol, one might be able to predict, and thus take steps to prevent,
potential disease outbreaks (Objective 3).
VI STRESS AND GROWTH
We have demonstrated 3 possible hormonal pathways involved in the growth suppression of
stressed, salmonid fish (Pickering, 1990 a,b). The catabolic action of elevated plasma cortisol
levels is one mechanism which can suppress growth in fish. We have shown that cortisol
elevation in both brown trout and rainbow trout causes a significant reduction in the
coefficient of condition of the fish (Pickering et al.,1989), a result of the mobilisation of body
reserves. Ultimately, growth rate is suppressed in cortisol-treated fish. However, growth
suppression continues in chronically-stressed brown trout long after plasma cortisol levels
have acclimated to basal values (Pickering & Stewart, 1984). Clearly, the control of growth
processes in sahnonid is a complex subject, probably involving many other aspects of the
fish's endocrine system. One such aspect concerns the effect of environmental stress on the
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levels of pituitarygrowthhormonecirculatingin the blood of rainbowtrout. However,this
study was the subjectof a separateMAFFCommissionand full detailscan be found in the
Final Customer's Report (FBA Report Reference Number W1/272/1F,May 1988). In
summary,it was alreadyknown that pituitarygrowth hormoneis an importantand highly
effectivegrowthpromoterin salmonidfish and we have shown that an acutestress, such as
short-termhandlingand confinement,is capableof suppressingcirculatinggrowth hormone
levels in the rainbowtrout. Paradoxically,chronic stresses such as overcrowdingcause a
significantelevationof growthhormonelevels,aneffectwhichwe interpretas a physiological
responseto starvationin the stressedfish. In the short-term,however,stressmight contribute
to growthsuppressionby reducingcirculatinggrowthhormonelevels.
A thirdhormonalpathwaywhichcouldcausegrowthsuppression,at leastduringcertainparts
of the animal'slife cycle,is via the suppressionof circulatinganabolicsteroids,such as some
of the reproductivehormones. The effectof stresson androgensand oestrogenswill be dealt
with in the next sectionon reproduction. It is apparentthat the controlof growth processes
is a complex subject involving many factors and ought to be the focus of continuing
investigation,particularlyin relation to recent advances in the techniquesfor measuring
growthhormones,insulinsand somatomedins(insulin-likegrowthfactors)in fish.
VII STRESS AND REPRODUCTION
The investigationof endocrineprocessesgoverningthe relationshipbetweenenvironmental
stressandreproductivephysiologyof salmonidfish is a relativelynew areaof research,much
of whichoriginatesdirectlyfrom this MAFFCommission. Progresshasbeen facilitatedby
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a fruitful collaboration with Dr. J. P. Sumpter and colleagues (Brunel University), a
collaboration for which we are most grateful. Both acute and chronic stresses have been
shown to suppress, significantly, the levels of circulating androgens, testosterone and 11-
ketotestosterone, in sexually maturing male brown trout (Pickering et al., 1987; Sumpter
et al., 1987). This effect could be mimicked by cortisol administration to otherwise unstressed
fish (Carragher et aL, 1989). Furthermore, the reproductive endocrinology of sexually
maturing female trout (both brown and rainbow) was suppressed by cortisol treatment,
resulting in a significant suppression of pituitary gonadotropin levels, of plasma oestradiol and
testosterone and of circulating yolk precursors in transit from the liver to the ovary. The net
effect after 3 weeks of cortisol treatment was a significant reduction in the size of the gonad
in both male and female fish. Thus, cortisol elevation as a result of chronic stress is capable
of seriously interfering with the maturational processes of salmonid fish. Many of the
mechanisms linking the hypothalamic-pituitary-interrenal axis to the pituitary-gonadal axis
require elucidation but in vitro studies at Brunel University have already shown that
physiological doses of cortisol can suppress oestradiol release from the oocytes (Sumpter
et al., 1987) and gonadotropin secretion from the pituitary gland (Carragher & Sumpter, 1990).
Moreover, Pottinger & Pickering (1990) have demonstrated that in vitro cortisol administration
reduces the number of oestradiol receptors in the liver of female rainbow trout (vitellogenin
production by the liver is stimulated by oestradiol from the ovary of maturing fish). Thus,
cortisol has the potential to suppress the pituitaty-gonadal axis at several different sites.
Future studies should attempt to elucidate the effects of environmental stress and cortisol
elevation on the reproductive system in terms of the quantity and quality of the gametes.
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VIII PRACTICALMEASURESTO AVOID OR MINIMIZETHE DAMAGING
EFFECTSOF STRESS
Oneof therequirementsof MAFFwasthattheresultsof thisworkshouldbe fed backto the
aquacultureindustryin theformof adviceforavoidingorminimizingstress-relatedamage
in thefish farm. As a consequence,papershavebeengiven at severalmeetings,including
the prestigiousAquaNormeeting(Pickering,1988)whichis attendedbylargenumbersof
U.K. fish farmers,anda seriesof guidelineshasbeenpublishedin TroutNews (Pickering,
1989c).A fullerversionof theseguidelines,withadditionalbackgroundinformation,hasalso









we have also investigatedthe valueof floating,overheadcoverin attemptingto minimize
stressresponses(Pickeringet al., 1987a). Althoughineffectivewithbothbrowntroutand
rainbowtrout,the provisionof overheadcover more than doubledthe growth rate of
underyearlingAtlanticsalmon,resultinginadoublingof theproportionofpotentialSI smolts
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(uppersizemodeat the end of the first summer'sgrowth). Moreover,overheadcoverhalved
the mortalityrate due to diseaseof potentialS2 fish (lowersize modeparr)duringtheir first
winter in freshwater(Pickering& Pottinger,unpublished). It is not yet dear whether these
beneficial effects of cover on Atlantic salmon, but not on brown trout or rainbow trout,
represent a speciesor a strain difference. It is, perhaps,relevantthat the brown trout and
rainbowtrout were fromdomesticatedstrainswhereasthe salmonwere first generationfrom
wild fish. Nevertheless,overhead cover is a valuable tool that the fish farmer should
consider;particularlyif breedingfrom wild stocksfor restockingpurposes.
IV FUTURE DEVELOPMENTS
This study has clearlyshownthat many of the damagingeffectsof environmentalstress are
mediatedby chronically-elevatedplasma cortisol levels. Consequently,it is appropriateto
examinemethodsfor reducingthis aspectof the stressresponseor for blockingthe actionof
cortisol on the target tissues. As already pointed out, the hormonal effects of cortisol
(includingits potentiallydamagingeffects)are mediatedvia specificcortisolreceptors. It is
possible,by meansof dexamethasonetreatment,to blockthesereceptorstherebyinactivating
the hypothalamic-pituitaty-interrenalxis (pituitaryACTHsecretionis ultimatelycontrolled
by a feedbackmechanisminvolving cortisol receptors). Thus, dexamethasonetreatment
completelyabolishesthe stress-inducedelevationof plasmaACTHand cortisol (Pickering
et al 1987b). However, dexamethasoneis itself a potent synthetic corticosteroid and
produces cortisol-likeeffects such as lymphocytopenia(Pickering et aL, 1987b). It is,
therefore,an inappropriatetoolto minimizestress-induceddamageon, forexample,the fish's
defencesystems. Othersyntheticsteroidshavesincebeendevelopedformammalianuse and
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one of these, RU 486, appears to bind effectively to the rainbow trout cortisol receptor
(Pottinger, 1990). If this steroid behaves in fish as it does in manmrals, it ought not to act as
a corticosteroid in its own right and might, therefore, be useful in minimizing stress-induced
damage. However, steroid treatment is not acceptable to the industry and this approach could
only be used for research purposes. Nevertheless, it could provide a powerful tool for
investigating other roles of cortisol in the stress response.
An alternative approach to minimizing the stress response is to attempt to develop strains
which only produce limited amounts of corticosteroids in response to husbandry stresses, an
approach which has been successfully adopted in the poultry industry. By means of careful,
repeated screening of the cortisol response of individually marked rainbow trout, we have
been able to identify fish which give a consistently low or a consistently high cortisol
response to the stress of confmement (Pickering, Pottinger & Hurley, in preparation). Eggs
from these fish have been fertilized and have recently hatched. The resultant offspring will
be examined for differences in the magnitude of their cortisol response (evidence from
Norwegian studies on the Atlantic salmon suggests that stress-induced cortisol elevation has
a heritable component). If it is possible to develop new strains of fish with different
physiological/endocrinological stress responses, further work will be required to monitor the
performance of these fish (survival, growth, reproduction) under conditions of aquacultural
stress. In addition, attention must also be given to the possibility of differences in target
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APPENDIXI
Copiesof the scientificpaperspublished(or in the processof publication)as a result of this
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M
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a
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M
I
•
a
IM
a
M
I
a
a
0
F
ISH
H
E
A
L
T
H
A
N
D
T
H
E
E
N
V
I
R
O
N
M
E
N
T
A
.
D
.
Pickering
I
n
s
titute
of
F
r
e
shwater
E
c
ology,
Windermere
L
aboratory.
A
mbleside,
C
u
mbria
L
A22
O
L
P
I
n
t
r
oduction
A
n
y
deleterious
change
in
the
fish's
e
n
vironment
is
u
s
u
ally
r
eferred
t
o
a
s
a
n
e
n
vironmental
s
t
r
e
s
s
.
H
o
w
e
v
e
r
,
the
c
o
n
c
e
p
t
of
s
t
r
e
s
s
when
a
p
plied
t
o
biological
s
y
s
t
e
m
s
,
has
been
the
s
ubject
of
c
o
n
siderable
debate
a
nd
a
u
ni
Ily
a
c
c
e
p
t
able
definition
has
p
r
o
v
ed
elusive
(see
Pickering,
1981).
D
e
s
pite
this,
m
o
s
t
fish
biologists
a
nd
a
q
u
a
c
ulturists
have
a
n
intuitive
n
o
tion
of
what
c
o
nditions
a
r
e
s
t
r
e
s
sful
t
o
fish
a
nd
in
the
a
q
u
a
c
ulture
industry,
s
t
r
e
s
s
is
frequently
diagnosed
when
the
p
e
rformance
c
a
p
a
city
of
the
fish
is
significantly
r
educed.
The
p
e
rformance
of
a
fish
c
a
n
be
c
o
n
v
e
niently
described
in
t
e
r
m
s
of
its
s
u
r
vival,
growth
a
nd
r
e
p
r
oduction,
a
nd
the
aim
of
this
p
a
p
e
r
I
s
t
o
identify
s
o
m
e
of
the
physiological
a
nd
e
ndocrinological
changes
that
o
c
c
u
r
in
s
t
r
e
s
s
ed
fish,
changes
which
a
r
e
largely
r
e
s
p
o
n
sible
for
a
decrease
in
s
u
r
vival
(by
increasing
disease
s
u
s
c
e
p
tibility),
a
s
u
p
p
r
e
s
sion
of
growth
r
a
t
e
a
nd,
a
s
is
n
o
w
becoming
e
vident,
a
n
interference
with
s
e
x
u
al
m
a
t
u
r
a
tion
a
nd
r
e
p
r
oduction.
P
r
a
c
tical
guidelines
will
be
given
t
o
e
n
able
fish
farmers
t
o
a
v
oid
o
r
minimize
the
damaging
effects
of
e
n
vironmental
stress.
The
s
t
r
e
s
s
r
e
s
p
o
n
s
e


When
a
fish:is
s
ubjected
t
o
a
n
e
n
vironmental
s
t
r
e
s
s
,
it
initiates
a
s
e
ries
of
hormonal
a
nd
physiological
r
e
s
p
o
n
s
e
s
which
a
r
e
designed
t
o
s
witch
the
fish
from
a
n
a
n
abolic:state
(one
in
which
e
n
e
rgy
is
being
t
aken
u
p
a
nd
s
t
o
r
ed),
t
o
a
c
a
t
abolic
s
t
a
t
e
(one
in
which
the
body
r
e
s
e
r
v
e
s
a
r
e
broken
down).
This
gives
the
fish
a
c
c
e
s
s
t
o
e
n
e
rgy
r
e
s
e
r
v
e
s
n
o
t
n
o
r
m
ally
a
v
ailable
t
o
it,
r
e
s
e
r
v
e
s
which
a
r
e
u
s
ed
a
s
it
a
t
t
e
m
p
t
s
t
o
a
v
oid
o
r
o
v
e
r
c
o
m
e
the
immediate
threat.
I
t
is
likely
that
m
a
n
y
c
o
m
p
o
n
e
n
t
s
Of
the
fish's
e
ndocrine
s
y
s
t
e
m
a
r
e
involved
in
this
physiological
change
but
t
o
date,
m
o
s
t
e
e
e
e
e
r
ch
efforts
have
c
o
n
c
e
n
t
r
a
t
ed
o
n
the
r
ole
of
the
hypothalamic-
pituitary-interrenal
a
xis
in
this
r
e
s
p
o
n
s
e
.
I
n
o
u
r
o
w
n
s
t
udies
o
n
brown
t
r
o
u
t
a
nd
r
ainbow
t
r
o
u
t
,
w
e
have
e
x
a
mined
the
r
ole
of
c
o
r
tisol,
the
p
rinciple
s
t
e
r
oid
hormone
s
e
c
r
e
t
ed
by
the
in
e
e
e
e
e
n
al
tissue,
in
the
s
t
r
e
s
s
r
e
s
p
o
n
s
e
.
U
nder
a
q
u
a
-
c
ulture
c
o
nditions
c
o
r
tisol
is
s
e
c
r
e
t
ed
in
r
e
s
p
o
n
s
e
t
o
all
forms
of
physical
disturbance
(see
for
e
x
a
m
ple
Pickering
e
t
al..
1982),
o
v
e
r
c
r
o
wding
(Pickering
&
Stewart,
1984),
p
r
o
phylactic
t
r
e
a
t
m
e
n
t
s
(Pickering
&
P
o
t
tinger,
1984)
a
nd
s
o
cial
interaction
(Ejike
&
Schreck,
1980;
Pickering
a
nd
P
o
t
tinger.
1990).
U
nder
c
o
nditions
of
a
c
u
t
e
e
e
e
e
e
e
,
i.e.
the
s
t
r
e
s
s
is
of
short
duration
a
nd
the
time
c
o
u
r
s
e
of
the
s
t
r
e
s
s
r
e
s
p
o
n
s
e
of
the
fish
far
o
u
tlasts
that
of
the
e
t
r
e
!
s
itself.
c
o
r
tisol
livels
m
a
y
be
elevated
from
basal
v
alues
of
less
than
2
ng
ml
t
o
e
e
e
e
e
e
1
100
ng
ml
yithin
a
n
hour
o
r
s
o
but
Chen
r
e
t
u
r
n
t
o
basal
v
alues
within
24
hours
(Pickering
&
P
o
t
tinger,
1989).
U
nder
c
o
nditions
of
chronic
(continuous)
s
t
r
e
s
s
,
plasma
c
o
r
tieol
levels
m
a
y
be
elevated
for
e
e
e
e
e
e
1
days
o
r
w
e
eks
before
a
c
climation
o
c
c
u
r
s
(Pickering
6
Stewart,
1984).
O
ther
p
e
riods
of
p
r
olonged
c
o
r
tisol
elevation
o
c
c
u
r
during
the
later
p
a
r
t
of
the
s
p
a
w
ning
s
e
a
s
o
n
(Pickering
&
P
o
t
tinger,
1987)
a
nd
daring
s
m
oltification
(Young,
1986).
The
c
a
t
abolic
p
r
o
p
e
r
ties
of
c
o
r
tisol
(Sheridan,
1986;
J
a
n
e
e
e
e
e
W
a
t
e
r
m
a
n
,
1988)
a
r
e
p
r
obabli
of
adoptive
significance
in
the
n
a
t
u
r
al
e
n
vironment
when
the
m
o
s
t
likely
o
u
t
c
o
m
e
of
a
n
y
s
t
r
e
s
sful
situation
is
flight
from
the
immediate
danger,
but
in
a
q
u
a
c
ulture
there
I
s
n
o
e
s
c
a
p
e
a
nd
u
nder
c
e
r
t
ain
c
o
nditions
the
fish's
o
w
n
e
e
e
e
e
e
r
e
s
p
o
n
s
e
c
a
n
r
e
s
ult
in
•
s
e
rious
impairment
of
its
s
t
a
t
e
of
health.
I
n
the
following
s
e
c
tions.
it
will
be
shown
that
elevated
c
o
r
tisol
levels
a
r
e
largely
r
e
s
p
o
n
sible
for
in
d
m
o
r
t
ality,
r
educed
growth
r
a
t
e
a
nd
s
u
p
p
e
e
e
e
ed
r
e
p
r
oductive
a
c
tivity.
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2.
Survival

The
s
u
p
p
r
e
s
sive
effects
of
c
o
r
ticosteroids,
s
u
ch
a
s
c
o
r
tisol.
o
n
the
defence
s
y
s
t
e
m
s
of
fish
have
been
known
for
m
a
n
y
y
e
a
r
s
.
H
o
w
e
v
e
r
.
m
u
ch
of
the
w
o
rk
has
been
u
ndertaken
u
sing
pharmacologically
high
doses
of
hormones
(see
for
e
x
a
m
ple
R
obertson
e
c
al.
1961;
R
o
th,
1972;
Chilmonczyk,
1982)
o
r
u
sing
s
y
n
thetic
s
t
e
r
oids
of
u
nknown
o
r
u
n
m
e
a
s
u
r
ed
p
o
t
e
n
c
y
(Anderson
e
t
al.
1982;
H
o
u
ghton
&
M
a
t
thews,
1986).
V
a
rious
forms
of
s
t
r
e
s
s
have
been
shown
t
o
c
a
u
s
e
a
significant
s
u
p
p
r
e
s
sion
in
the
n
u
mber
of
circulating
white
blood
c
ells
(lymphocytes
in
p
a
r
ticular)
a
nd
it
has
been
shown
that
this
effect
c
a
n
be
mimicked
by
physiological
doses
of
c
o
r
tisol
(Pickering,
1984).
M
o
r
e
r
e
c
e
n
tly,
in
vivo
a
nd
in
vitro
s
t
udies
by
K
a
ule
e
t
al.
(1987)
a
nd
T
ripp
e
t
al.
(1987)
have
shown
that
the
immune
s
y
s
t
e
m
of
the
c
oho
s
almon
is
e
x
q
uisitively
s
e
n
sitive
t
o
liv
levels
of
c
o
r
tisol
a
nd
m
a
y
be
m
a
rkedly
s
u
p
p
r
e
s
s
ed
with
doses
lower
than
10
ng
ml
.
I
t
is
t
o
be
e
x
p
e
c
t
ed,
therefore,
that
c
o
r
tisol
t
r
e
a
t
m
e
n
t
w
o
uld
increase
the
s
u
s
c
e
p
tibility
of
t
eleost
fish
t
o
disease.
This
is
c
e
r
t
ainly
t
r
u
e
for
m
a
n
y
s
p
e
cies
of
fish
a
nd,
for
the
brown
t
r
o
u
t
a
t
least,
it
has
been
shown
that
this
effect
is
dose-dependent
a
nd
is
detectable
a
t
c
o
r
tisol
levels
w
ell
within
the
physiological
r
a
nge
for
the
s
p
e
cies
(Pickering
&
P
o
t
tinger,
1989).
This
demonstration
fits
I
n
w
ell
with
the
observation
that
the
s
m
all,
but
chronic,
elevations
of
plasma
c
o
r
tisol
levels
during
s
m
oltification
a
nd
s
e
x
u
al
m
a
t
u
r
a
tion
a
r
e
p
a
r
alleled
by
increases
in
the
s
u
s
c
e
p
tibility
of
the
fish
t
o
c
o
m
m
o
n
diseases
(see
for
e
x
a
m
ple
Pickering
&
Christie.
1980).
G
r
o
w
th
Stressed
fish
a
r
e
characterized
by
a
m
a
rked
s
u
p
p
r
e
s
sion
in
their
growth
r
a
t
e
,
e
v
e
n
when
they
a
r
e
p
r
o
vided
with
adequate
food
s
u
p
plies.
Clearly,
o
n
e
important
a
s
p
e
c
t
of
this
phenomenon
is
the
behavioural
o
n
e
of
r
efusal
t
o
feed.
After
a
n
a
c
u
t
e
s
t
r
e
s
s
,
this
effect
m
a
y
last
for
s
e
v
e
r
al
days.
the
e
x
a
c
t
p
e
riod
being
dependent
o
n
the
s
p
e
cies
(and
s
t
r
ain?)
of
fish
(Wedemeyer.
1976).
I
n
addition
t
o
this
effect
of
s
t
r
e
s
s
o
n
feeding
behaviour,
however,
the
c
a
t
abolic
effects
of
c
o
r
tisol
o
n
the
fish's
o
w
n
body
r
e
s
e
r
v
e
s
a
r
e
also
r
e
s
p
o
n
sible
for
s
o
m
e
of
the
observed
growth
s
u
p
p
r
e
s
sion.
Thus.
B
a
r
t
o
n
e
t
al.
(1987)
a
nd
D
a
vis
e
t
al.
(1985)
have
shown
that
c
o
r
tisol
t
r
e
a
t
m
e
n
t
significantly
s
u
p
p
r
e
s
s
e
s
the
growth
r
a
t
e
s
of
r
ainbow
t
r
o
u
t
a
nd
channel
c
a
tfish
r
e
s
p
e
c
tively.
The
m
agnitude
of
this
effect
a
p
p
e
a
r
s
t
o
be
s
p
e
cies
s
p
e
cific
because
Pickering
e
t
al.
(1989)
have
shown
that
the
s
e
n
sitivity
of
brown
t
r
o
u
t
t
o
physiological
doses
of
c
o
r
tisol
(in
t
e
r
m
s
of
both
c
a
t
abolic
p
r
o
c
e
s
s
e
s
a
nd
disease
r
e
sistance)
is
significantly
greater
than
that
of
the
r
ainbow
t
r
o
u
t
.
I
t
has
already
been
s
t
a
t
ed
that
s
almonid
fish
will
a
c
climate
t
o
c
e
r
t
ain
forms
of
e
n
vironmental
e
t
r
e
s
s
r
e
s
ulting
in
•
r
eduction
of
c
o
r
tieol
levels
t
o
basal
v
alues
despite
the
c
o
n
tinued
p
r
e
s
e
n
c
e
of
the
s
t
r
e
s
s
.
H
o
w
e
v
e
r
u
nder
these
circumstances,
s
o
m
a
tic
growth
s
a
y
s
till
be
s
u
p
p
e
e
e
e
ed
(Pickering
&
Stewart,
1984)
a
nd
it
s
e
e
m
s
likely,
therefore,
that
o
ther
factors
a
r
e
also
r
e
s
p
o
n
sible
for
s
t
r
e
s
s
-
I
nduced
growth
s
u
p
p
r
e
s
sion.
O
n
e
p
o
t
e
n
tial
c
a
ndidate
is,
of
c
o
u
r
s
e
,
pituitary
growth
hormone
(CH)
-
a
p
o
t
e
n
t
growth
p
r
o
m
o
ting
a
g
e
n
t
in
t
eleost
fish
(see
r
e
view
by
W
e
a
therley
6
Cill,
1987).
The
development
of
t
e
chniques
for
m
e
a
s
u
ring
C
H
in
fish
blood
I
s
r
elatively
r
e
c
e
n
t
(Cook
e
t
al.
1981;
B
olton
e
t
al.
1986;
W
agner
M
c
K
e
o
w
n
,
1986;
L
e
B
ail
e
t
al.
1990)
a
nd
the
s
t
udy
of
the
physiological
r
ole
of
fish
growth
hormone
la
s
till
in
its
infancy.
P
r
eliminary
s
t
udies
(Pickering
e
t
al.
1990)
have
shown
that
a
n
a
c
u
t
e
s
t
r
e
s
s
,
s
u
ch
a
s
short-term
c
o
nfinement
in
s
m
all
a
q
u
a
ria,
c
a
n
c
a
u
s
e
•
significant
s
u
p
p
r
e
s
sion
I
n
the
c
o
n
c
e
n
t
r
a
tion
of
circulating
C
H
in
the
r
ainbow
t
r
o
u
t
.
I
n
c
o
n
t
r
a
s
t
,
the
chronic
s
t
r
e
s
s
of
o
v
e
r
c
r
o
wding
c
o
mbined
with
w
a
t
e
r
q
u
ality
deterioration
p
r
o
m
o
t
ed
a
n
increase
in
circulating
C
A
levels.
This
latter
observation
m
a
y
r
e
p
r
e
s
e
n
t
a
r
e
s
p
o
n
s
e
t
o
a
s
t
a
t
e
of
physiological
11
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4.
s
t
a
r
v
a
t
io
nc
au
se
d
by
o
t
he
r
s
c
r
e
s
s
-
r
e
la
te
df
ac
to
rs
.
C
le
ar
ly
,
m
u
c
h
m
o
r
e
w
o
r
k
is
n
o
w
n
e
e
de
d
o
n
t
he
r
e
la
ti
on
sh
ip
sb
et
we
en
e
n
v
ir
on
me
nt
al
s
t
r
e
s
s
a
n
d
g
r
o
w
t
h
s
u
p
p
r
e
s
s
io
n
I
n
t
e
le
os
t
fi
sh
u
n
de
r
a
q
u
a
c
u
lt
ur
ec
o
n
di
ti
on
s.
R
e
p
r
o
du
ct
io
n
U
n
t
il
r
e
c
e
n
t
ly
t
he
re
w
a
s
v
e
r
y
li
tt
le
di
re
ct
e
v
id
en
ce
li
nk
in
g
e
n
v
ir
on
me
nt
al
s
t
r
e
s
s
w
it
h
t
he
r
e
p
r
o
du
ct
iv
ep
hy
si
ol
og
yo
f
fi
sh
he
ld
u
n
de
r
a
q
u
a
c
u
lt
ur
ec
o
n
di
ti
on
s,
a
lt
ho
ug
h
c
o
n
s
id
er
ab
le
c
ir
cu
ms
ta
nt
ia
le
v
id
en
ce
s
u
g
g
e
s
t
e
d
c
ha
t
v
a
r
io
us
fo
rm
s
o
f
s
t
r
e
s
s
w
e
r
e
c
a
p
a
bl
e
o
f
s
u
p
p
r
e
s
s
in
gr
e
p
r
o
du
ct
iv
ea
c
t
iv
it
y
in
fi
sh
p
o
p
u
la
ti
on
s
(s
ee
P
ic
ke
ri
ng
e
t
a
l.
19
87
).
T
he
c
o
n
t
r
o
l
a
n
d
s
y
n
c
hr
on
iz
at
io
no
f
s
e
x
u
a
l
m
a
t
u
r
a
t
io
n
is
.m
ed
ia
te
db
y
a
s
e
t
o
f
e
n
do
cr
in
eg
la
nd
s
w
hi
ch
c
o
n
s
t
it
ut
et
he
hy
po
th
al
am
ic
-
p
it
ui
ta
ry
-g
on
ad
al
a
x
is
.
P
ic
ke
ri
ng
e
t
a
l.
(1
98
7)
o
bs
er
ve
d
t
ha
t
p
r
o
lo
ng
ed
(1
m
o
n
t
h)
c
o
n
fi
ne
me
nt
s
t
r
e
s
i
n
o
t
o
n
ly
c
a
u
s
e
d
a
s
ig
ni
fi
ca
nt
e
le
va
ti
on
of
p
la
sm
a
c
o
r
t
is
ol
le
ve
ls
bu
t
a
ls
o
r
e
du
ce
d
t
he
c
ir
cu
la
ti
ng
le
ve
ls
o
f
t
he
t
w
o
a
n
dr
og
en
s,
t
e
s
t
o
s
t
e
r
o
n
e
a
n
d
11
-k
et
ot
es
ce
ro
ne
.i
n
s
e
x
u
a
ll
ym
a
t
u
r
in
g
m
a
le
br
ow
n
t
r
o
u
t
.
M
o
r
e
o
v
e
r
,t
he
s
a
m
e
a
u
t
ho
rs
fo
un
d
t
ha
t
a
p
e
r
io
d
o
f
1
ho
ur
o
f
c
o
n
fi
ne
me
nt
w
a
s
s
u
ff
ic
ie
nt
t
o
c
a
u
s
e
a
p
r
o
lo
ng
ed
s
u
p
p
r
e
s
s
io
no
f
t
he
se
t
w
o
a
n
dr
og
en
s,
w
it
h
a
r
e
c
o
v
e
r
y
p
e
r
io
d
o
f
24
ho
ur
s.
P
a
r
a
do
xi
ca
ll
y,
p
la
sm
a
g
o
n
a
do
tr
op
in
(G
TH
)
le
ve
ls
w
e
r
e
e
le
va
te
d.
F
o
ll
ow
in
gu
p
t
hi
s
in
it
ia
l
s
t
u
dy
,
C
a
r
r
a
g
he
re
t
a
l.
(1
98
9)
fo
un
d
t
ha
t
im
pl
an
ta
ti
on
o
f
p
hy
si
ol
og
ic
al
le
ve
ls
o
f
c
o
r
t
is
ol
t
o
o
t
he
rw
is
eu
n
s
t
r
e
s
s
e
df
is
h
a
ls
o
in
te
rf
er
ed
w
it
h
t
he
p
it
ui
ta
ry
-g
on
ad
al
a
x
is
o
f
bo
th
s
e
x
e
s
o
f
br
ow
n
t
r
o
u
t
a
n
d
r
a
in
bo
w
t
r
o
u
c
.
I
n
s
e
x
u
a
ll
y
m
a
t
u
r
in
g
m
a
le
fi
sh
,
c
o
r
t
is
ol
t
r
e
a
t
m
e
n
ts
ig
ni
fi
ca
nt
ly
s
u
p
p
r
e
s
s
e
dp
la
sm
a
t
e
s
t
o
s
t
e
r
o
n
e
le
ve
ls
a
n
d
p
it
ui
ta
ry
GT
H
c
o
n
t
e
n
t
.
I
n
s
e
x
u
a
ll
y
m
a
t
u
r
in
g
fe
ma
le
s,
th
e
e
ff
ec
tw
as
e
q
u
a
ll
y
a
p
p
a
r
e
n
t
w
it
h
c
o
r
t
is
ol
t
r
e
a
t
m
e
n
tc
a
u
s
in
g
a
s
ig
ni
fi
ca
nt
s
u
p
p
r
e
s
s
io
no
f
p
la
sm
a
o
e
s
t
r
a
di
ol
,t
es
to
st
er
on
ea
n
d
v
it
el
lo
ge
nl
nl
ev
el
s
t
o
g
e
t
he
rw
it
h
a
50
1
r
e
du
ct
io
n
in
t
he
p
it
ui
ta
ry
CT
H
c
o
n
t
e
n
t
.
T
he
n
e
t
r
e
s
u
lt
in
bo
th
s
e
x
e
s
w
a
s
a
s
ig
ni
fi
ca
nt
•

r
e
du
ct
io
ni
n
g
o
n
a
da
l
s
iz
e.
E
v
e
n
in
s
e
x
u
a
ll
y
im
ma
tu
re
fi
sh
,
m
o
r
e
t
ha
n
12
m
o
n
t
hs
a
w
a
y
fr
om
s
p
a
w
n
in
g,
co
rt
is
ol
t
r
e
a
t
m
e
n
tw
a
s
s
ho
wn
t
o
s
u
p
p
r
e
s
s
c
ir
cu
la
ti
ng
v
it
el
lo
ge
ni
nl
ev
el
s
in
t
he
fe
ma
le
.
T
hu
s,
c
o
r
t
is
ol
is
u
n
do
ub
te
dl
yc
a
p
a
bl
eo
f
in
te
rf
er
in
gw
it
h
t
he
ho
rm
on
al
p
r
o
c
e
s
s
e
sl
ea
di
ng
t
o
s
e
x
u
a
l
m
a
t
u
r
a
t
io
nl
n
s
a
lm
on
id
fi
sh
.
I
t
is
n
o
t
p
o
s
s
ib
le
fr
om
t
he
se
in
v
iv
o
s
t
u
di
es
c
o
e
lu
ci
da
te
t
he
u
n
de
rl
yi
ng
m
e
c
ha
ni
sm
s
be
hi
nd
s
u
c
h
r
e
p
r
o
du
ct
iv
es
u
p
p
r
e
s
s
io
nb
ut
Su
mp
te
r
e
t
a
l.
(1
98
7)
ha
ve
s
ho
wn
by
m
e
a
n
s
o
f
is
v
it
ro
s
t
u
di
es
t
ha
t
p
hy
si
ol
og
ic
al
le
ve
ls
o
f
c
o
r
t
is
ol
ca
n
s
u
p
p
r
e
s
st
he
ba
sa
l
s
e
c
r
e
t
io
nr
a
t
e
o
f
o
e
s
t
r
a
di
ol
fr
om
c
u
lt
ur
ed
o
v
a
r
ia
n
fo
ll
ic
ul
es
fr
om
t
he
r
a
in
bo
w
t
r
o
u
t
.
Si
mi
la
rl
y,
C
a
r
r
a
g
he
r
Su
mp
te
r
(1
99
0)
de
mo
ns
tr
at
ed
t
ha
t
c
o
r
t
is
ol
c
a
n
s
u
p
p
r
e
s
s
p
it
ui
ta
ry
G
T
H
s
e
c
r
e
t
io
nI
n
v
it
ro
.
I
n
a
v
e
r
y
r
e
c
e
n
t
s
t
u
dy
(P
ot
ti
ng
er
P
ic
ke
ri
ng
,1
99
0)
,
it
ha
s
be
en
s
ho
wn
t
ha
t
•
fu
rt
he
r
e
ff
ec
t
o
f
c
o
r
t
is
ol
is
t
o
s
u
p
p
r
e
s
s
o
e
s
t
r
a
di
ol
bi
nd
in
g-
si
te
si
n
t
he
li
ve
r
o
f
fe
ma
le
r
a
in
bo
w
t
r
o
u
t
,
s
it
es
w
hi
ch
a
r
e
im
po
rt
an
tm
e
di
at
or
so
f
o
e
s
t
r
a
di
ol
-i
nd
uc
ed
v
it
el
lo
ge
ne
si
sd
ur
in
gs
e
x
u
a
l
m
a
t
u
r
a
t
io
n.
T
hu
s,
c
o
r
t
is
ol
m
a
y
s
o
t
di
re
ct
ly
a
t
s
e
e
e
e
e1
di
ff
er
en
ts
it
es
in
t
he
p
it
ui
ta
ry
-g
on
ad
al
a
x
is
t
o
s
u
p
p
r
e
s
s
r
e
p
r
o
du
ct
iv
ep
r
o
ce
e
e
es
.
T
he
le
ve
l
o
f
c
o
r
t
is
ol
n
e
e
de
d
t
o
c
a
u
s
e
s
u
c
h
c
ha
ng
es
a
r
e
w
it
hi
n
t
he
p
hy
si
ol
og
ic
al
r
a
n
g
e
fo
r
t
he
s
p
e
c
ie
s
a
n
d
it
s
e
e
m
a
li
ke
ly
,
t
he
re
fo
re
,t
ha
t
a
q
u
a
c
u
lt
ur
al
s
t
r
e
s
s
du
ri
ng
t
he
p
r
e
-
s
p
a
w
n
in
g
s
e
a
s
o
n
w
il
l
ha
ve
da
ma
gi
ng
c
o
n
s
e
q
u
e
n
c
e
sf
or
r
e
p
r
o
du
ct
iv
es
u
c
c
e
s
s
.
F
u
r
t
he
rw
o
r
k
is
n
o
w
n
e
e
de
d
t
o
in
ve
st
ig
at
et
he
e
ff
ec
ts
o
f
s
t
r
e
s
s
o
n
g
a
m
e
t
e
q
u
a
li
ty
a
n
d
q
u
a
n
t
it
y.
H
a
v
in
g
s
ho
wn
t
ha
t
p
la
sm
a
c
o
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y
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that
s
t
r
e
s
s
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o
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c
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alrole
in
increasingthe
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u
s
c
e
p
tibilityof
fish
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disease,
in
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u
p
p
r
e
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w
th
r
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t
e
s
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e
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al
development.
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t
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y
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found
in
the
developmentof
s
t
r
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r
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